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By Milton Davidson, John C. Houbolt,
Ilorman Rafel, and Carl A. Eos~maa

sUMMARY

A cooperatlv9 investigation
and structural roag~.roh aectione

“.

by the air-flow research
of tho Xatlanal Advieorr

OommlttQe for Aeronautics wne made as part of a reaemrch-
program to obtain atructurea suitable far low--drag w3ng8m
Tho purpose of this psrticul%r lnvoet3gation was to study
tho drag aharaotarietice of an HAOA 66(215)-(1.25)16 i%lrfoil
spoclmen of two-spar construction with hat-section chord-
wise stiffenora after a compressive load compmrablo -vIth
tha maximum applied fllght load of a modern military air-
plane has boon applied nnd removed. The results of the
aorodynaulc and structural teets presented ln~lcato that
the drag charact.Jristics of a wing employing this typo
of etruoture would probably not be changed after tho wtng
has been subjected to its maximum applied flight load.

Although some structural teats had been previously
mado on a wing speolmen with spanwise stiffonors, no -
oonflrmatory wind-tunnel tests were made on that speeimen.
It should be ezcphssize~, therefore, th”.t of the two types
of oonstructlon ao far studied there iS not sufflalent
evidence at present to conclude whether the type of oon-
structlon descrlhed Zn this report or the spanwise-
stlffener type of construction previously tested Is to
be favored as regards low drag after the maxtmum flight
load has bden appllod and removetl~

. ,#- .

II?TRODUCTIO19

In a cooperative Investigation made at ZMAL by the
alwflow researoh aoctton and tie structures +osearoh

-.
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eeotion, tests were oonduated on a practical oonstruotion
model of an MAOA 66(~)-(1.~)16 airfoil eeotion, whioh wae
eonetruoted in the eheet-metal shop at LMALO The model,
as reoelved from the shop except for the repair of slight
10CB1 defeote, wae firet tested in the two-dimensional
low-turbulence preseure tunnel to determfne the drag
oharaaterietlcm. The struoturee reeearoh eeotion then
tested the model by alternately applying and removing
progreeelvely larger oompreaelve loadta until come per-
nanent deformation Mae noted in the skin. Upon removal
of the oompreseive load, eurveys to detest any ohange in
fairness of the skin were made by rolllng a etraight edge
(see referenoe 1) over the skin in a chordwise direotion.
When an additional flat spot, even of minor severity,
wae deteoted for the flret time, drag teeta of the model
were again run in the two-dimensional tunnel. In thin
manner quantitative reeulte could be obtained, beeauee
any drag Increment due to inareaeed unfatrnese in the
model resultl~. from tbe l~din~ agul~he. ohowa..

. .

liOllSfiL

The HAOA 6-series airfotl ueed, which was of 3~-lneh
span and of 72-inch chord, wae a ving panel of
MAOA 66(215)-(1.25)16 alrfoll aeetion. The s.geolmen em-
ployed a two-spar aonetruction vlth solid Or full end ribs

‘ and with false noso and tail rlbe, spaced at 6-inch intervale
between tho full end ribs, and with chordwieo hat-soctlon
“stiffensrw, epaced at 6-inoh intervals, supporting the
skin batwoen spars. The epars were looated at 15 and 72.5
percent of the chord. l!ho skin was attached -ith rivets
driven by method B 8s doscrtbod in ref~renoe.~. A drawing
of the airfoil seotion la given In figure 1 snd a phot-
graph of the speoimon is shown in figure 2. ‘

AHRODYIWAMIC! TESTS

Test Mothodfi

Tho aerodynamic togts ooneletad of drag measuremonta
made in tha two-dimensional low-turbulenc~ pressu-e tunnel
b~ the wake-survey method, and the teat procedure conformed
with thfit outlined in rei’erenae 3,

The model wae orlgtnally tested for drag oharaeter-
istios In the eonditlon in which it waa reoeived from the



ohope exoept for the glasing of the seams at the front
spar with pyroxylin putty and the repairing of” a few
mtnor ooratdies “o-h“tlte--al-r-foll-etarfa~os b~-oa-ndi~g or “
filling with glasing putty. This model condition-will be
referred .to as the ~efoie-loadl”ng oonditlon. !Che rno&eI
was then .subJooted too l“oading tests” in the struotur,es
reoearoh laboratory, after whicli a few 100al surfaoe lm-
perfeotlons were repaired in ~n atteppt to reprodu~e the
detail ourfaoe oamdltion before loadlng. “These imper.feo-
t$onm, vhtch resulte& frQm permanent met of several riv-
ets, oduld probably have been avoided by a chango in riv-
et fdpaeing, Their repalr~oie believed Suetlf30d heca~e?
the preeenoe OS ouch defeote would have Invalidated the
results with respeot to determining any drag.inerementfa
reeulti+g from In.ereaeed unfalrnees of the model. AxlY
flat epote on the” eurface, however, were left untouched.
A eeooqd eet of drag teate were made of the model tn this
eondttion, ‘which w311 be referred to hereinafter as the
after-loading aondition.

Resulte”and Disoueeion

The variation of ae~tion drag ooef”ftoient with “
Re nolde number for the wing gpec-imen model of an HAOA
a/’&j)-(l.22)l6airfoi.l ie ehown In figure ~.for the
before-loading and the after-loading conditions; for com-
parison, the results of a previously tested, oamouflage-
paiuted, pra~tlcal-construction model of an intermediate
wing eection, an appr~xlmate NACA 66(2 X 15)-116, a = 0.6
a$rfoil, also are given. From a eomparieon of the drag
curvee preeented, it appqare that the drag values as
shown for the NACA&(21~)-(1.25)~ airfoil Gould be lowered
beeauee it. ie !pr.o,b~blethat surfae~ oo~ditlone could have
been improved tm obtain resulte comparable with thee.e Cf
the approximate I?ACA G6(2 X 15]-116, a =..0.6 atrfa~l.
The drag .inarement~ obtainea for the be-f,oro-loadirigand.
af.ter-loadfng eond”itlone give an In”dloa.tlon Of the chaXM5e
In motlel fairneee. . ..

The ’var.iatlon”of ee~tia drag ”o.oefflci.entu&th iea-
tlon lift coefficient at smveral valuee. of the Reynolde
number for the. qootion teeted. ie give-n in ftgure 4 for
the before-loadlng-d~~ after”-ioadlng- eondftione. Bebause
of the Inaoouraolee In re~ulte (due “to .etream c“onstrlo-
t$on) that arise in the two-dlmensso.nal ”.lo”w-turbulence
preesure tunnel wit-h largeYohord modeln at” high anglee
Of attaok, teete were made through “only a emall angle-Of-
attaok range.

—., ,, ,.. ,,,.— -,. - ... - ,,
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~igures 3 and 4 show that the drag eoeffia%ente. ab
Reynolds numbers up to”24,000,000”~r& approximately the
same for the two model conditions although, at Reynolds
numbers greater than 24,0009000, the drag of the rnQd*l
for the after-loading oonditlon ie lower than that for
the before-loading condition despite the faot that every
effort wa~ made to keep” 100al eurfaae de~aile the same
for both loading conditions. This decrease In drag,
whioh may be attributed to an accidentally smoother fin-
ish for the after-loading- condition eautaed by refinishing
the model after the compression tests, indicates the
order of aocuraoy of the tests. It is believed that any
drag Increases resultlng from a eignifiaant unfairness in
the model would be of such magnitude that they would not
be masked by the drag decreases resulting from th6 aaoi-
dentally smoother surface finieh. The slight additional
unfairness In the model that resulted from the oompres~
sive loading to whioh the model was sub~eoted appears to
have no adverse effeots on the drag charaeterlstios of
the model as shown by a oompa~ieon of the before-loading
and after-loading conditions. ~t Is net known what would
have been the effect of this slight addi4tonal unfairness
on the drag oharagterietios If the surface aond”itions of
the wing-spaolmen model had been as good for the” before- -
loading-te~t as the surfaoe oondtt$o~e
HACA 66(2 X 15)-116, a = 0.6 airfoil.

STRUCTURAL TMSTS

Test Methods

for ths approximate
(See fig. 3.)

After the airfoil was tested in the two-dirhenslonal
tunnel where its drag charaoteristlcs were determined, it
wae plaoed in the l,~oo,ooo-pound-capacity testing ma-
ohine in the structures research laboratory, where two
types of oompresslve tests were made. In the first type
of test the model was sub~ected to compression with uni-
form bearing on both ends and a varying Internal pressure
was applied to the airfoil in order to determine the ef-
feot that a reduoed pressure over the outside surfaoe
might have on the si%e of buckles that might form in the
wi.pg surface when an airplane is in flight. In the seo-
ond type of test, the load on the speolmen was applied
through two spars at one end of the specimen while the
other end was in uniform bearing.



6,

8train meaeurementa were taken during the oouree of
the’’tedts to -determixte”the probgbhe -atrese. distribution
In the airfoil for a given applied 10ad. !Che airfoil. .
falrneee wag determined by the .method”uaed and” exp~atned..

? in referenoe 1. ,
-1

Resultm of !!eete with” Uniform Bearing

on Orooe Seotlen. .

Structural aotion.- Flgure 6 chows that the. ourve of
observed average spar Strain plotted against applied load
Is approximately linear up”to loade in the violnlty ‘.f
40,000 pounds, at which definite buckles were obsqrved In
the skin. At loads above 40,000 pounds, the slope ‘of the
ourve decre~ses with an Inoreasa of loatl, whioh indloates
that the skin was losing its effectiveness in reelsting
higher loads.

~igure 6 shows the relation between the applied load
and the area that .wae effective in r~eieting this load.
The effeotlve araa wan detern~ned by dividing the load by
the absolute stress In the spare. This stress was ob-
tained by converting the etrainm of figure 5 into etreeeem,
a modulus of elaetioity of 10.7 X 106 pounds per square
Inch being used. l’igure 6 al~o presente a ourve ehowlng
the efficiency of the aroee meotlon plutted againet load.
Thle effloienoy ie oomputed aS the ratio of the average
strese over the orose eeotion to thp streee In the epare;
it may aleo be ooneldered the”ratlo” of the effeotive area
to the total ~rea of the croee eeotionp

The aver~ge etreas at whioh bueilee were firet no-
tiosd in the skin vats 3100 pouride per equare inoh. Theee
I)uoklee developed into the form of wavee along the speoi-
men and- extsnded over, almoet the bnt”lre.distanoe between
the epar oapa. A photograph of the airfoil under a load
of 85,000 pounde $e ehown in figure 7, in which the wave
form or buokle pattern of the-.ekln ie revealed by the re-
fleotlon of a straightedge plac~d along the epanwiee
dlreqtlon ofcthe airfoil. Figure 8 showe the obeerved
var~ati,on between depth of .a t~picai buokle and appl,ied
internalt air pfieeeure .to elmulate reduced preesuree ou$-
elde the airfoil, with .bhe specimen under a lead of 85,000
pounds; at a preseure differenoa of 1,4 pounds per square
inch , the depth 0$ the buokles Weoomeh quite small.

— — . . — — —-
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Under a total load of 131,800 pounds, a local lmck-
ling failure was observed in the tirailing edge of the
speolmen and ooneeqnently no addlt~onal load was applied
for fear of oomplete3~ deatreying the trailing-edge ekln
panels . A photograph of this 100al failure is shown in
figure 9, which aleo shows the eevere buckling patterm
that was develcped in the skin along the spar cape.

Fairnese eurveye.- The reeulte of all the fairneoe

surveys are shown in figure 10. The initial survey ln-
dioated that the air?oil had several flat areas of minor
severity before loading. ~or loads Up.to a total load Of
90,000 pounde the ohordwi~e fairness eurveys, ae made by
rolling a straightedge over the surface, indiaated only
a small inoreaee In the number of flalj spots, even though
the ekin had a very pronounced wave pattern along ite “
apanwiee direction. At loadu greater than 90,000 pounde
the alrfoll oould definitely be regarded ae not fair, be-
oause numerous buckles ooourred in the nose and tall por-
time and especially in the region along the epar-oap
flanges, Although there were eevere buokles in the ekin
at high loads, the fairness surveys showed no evidence of
any permanent deformation “in the surfaoe of the airfoil
even after the maximum load of 131,800 pounds had been
applied and removed.

Reeulte of Tests with Load Applied through Spars

at (he End of the wing Specimen

S15ruotural aatiOn.- When the model was tested with

both end croes seotions bearing, the streee developed
oould not be brought Up to the desired value beoause of
the possibility that the model would beoome permanently
damaged; another teet was therefore conducted in whioh
the load was applied through the two spars at one end of
the specimen. A photograph of the airfoil in the “testing
maohine under thie test oond$tion is” shown in figure 11-

A ourve of average strains in the spar caps at the
points of application of the concentrated loads plotted
against the total a“pplied lokd ie shown in figure 12*
l’or oomparieon, a theoretical curve derived on the as-
sumption that only the area under the loading blooks
reeieted load ie alno preeented, This area was equal to
4,98 equare Inohes and wae taken as the area of the spar
oape plue the effective area of the ek~n, whioh $n this

..
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side. sf-..the spar
these two ourves

to. extend 20 skin Yhiokneeses on either
ospe... .Tbe. g.eaeral .agreem.ent b-atw.een
Indioatea that the computed effective

area ia of the oorre~t order of magnitude. In figure 12,
the ourve of average. strain along the alrfoll., an deter-
mined from the over-all shortening measured with dial .

. gages, ia alao$lothed+a gainet applied load. At a given
loa& these strains are eomewhat smaller than the spar
stiralxls.beaause the load tends to beoome more uniformly
dlrntritmted throughout the airfoil as :the diatanoe from
the aonoentrated loada Inoreaee.s.

At a total load of 175,000 poun~s, whtoh oor~esponds
to an average stress of 35,200 pounds per square inoh In
the epar oape at the pGints. of application of load, 100al
failures developed in the skin ad~aoent to the loading
blooks at the ends of the epare. The skin had permanent
bueklee between rivets, and there were indioatlons that
buokles had produced permanent rivet set in tens$on be-
Oausa eevezal-rivet heads were left protruding a few
thousandths of an inqh abeve the eurfaoe of the skin
after the load had been removed. -A photograph of a 100al
failure is given in figure 3.3.

Yairnese surveys,- The results of the fairness sur-

veys for this type of test are shown In figure 14. ~or
loade up to 82,000 pounds, th~ number of flat sPots
Olightly inoreased with load; at thle load, shear buo::es
began to ooour in the region of the loading blooks.
higher loads, the extent and severity of these buckles
beoame more and more pronounced and numerous buokles ap-
peared along and qdjaeent to the spar cap flanges. Mo
ohange in fairness from the orig$nal oontour Of the
rpeolmen was evident with suooeesive application and re-
mbval Of higher and higher loads untiz a load of 175,000
pounds was reaohed. On the removal of this load, several
very small additional f&at areae were founds as shovn on
“the last sketoh of figure 14, The oQrresponding average
spar etress at whloh slight permanent ~eformatlon of the
skin was firet noted was 3E,200. pounde”per square inoh~

If an atrplane wing were oonstiruoted with the same
type Of oonetruetlon that was used in the airfoil epeol-
men, the ul~lmate stress that oould be devezoped by the
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etrtioture would be that. of the material of the spar. If
the design ultlmate strese 1S taken as 60,000 pounds per
square inch, the maximum stress that would he expested to
be deweloped In the life of the airplane is two-thirds of
this value, or 40,000 pounds per square inch, This value
Is ellghtly higher than the value of thea tress at whioh
some permanent set in the skin was found. It is. poeslble
that a higher stres~ than the value of 35,200 pounds per
square inoh developed in the test could have been at-
tained without sLriously affeoting the fairness of the
wing under no load. Und~r the assumption that only the
spar oaps are ●ffective In remisting load and with a de-
sign load factor taken as 12, the oompresstve stress in
level flight would be 60000/12 or 15000 pounds per square
inoh. This value iS well below the stress in the spars
at whioh buokling of the skin ooourred when the specimen
was loaded through the spare. This ~onditlon of loading
would be similar to that of a wing having a cut-out in
the upper surface. In the case of the test of the speoi-
men in uniform bearing; however, the spar stress at whioh
buckling occurred.wae only 3150 pounds per square inoh
and on first thought it would appear to be an unsat.isfao-
tory struoture dn level $light. Aotually under level””
fllght, the skin would take its. full share of the-load,
“and the spar etress would be reduced by the ratio of the
area of the spere to the area of the spars plus the area
of skin effeotlve $n bending, Yor”the wing specimen,
this ratio is about 1/2.2, which. would reduoe the spar
stress from 6000 to 2270 pounds per square inch, a.value
below the aritical Budkllng stre~s. The possibility of
buckles formfng is further alleviated by the presence
a negative” pressure on the upper eurface of the wing.

of

DISCUSSION 011 OHORDWISll AND $PAMWI.SI STIX’YEBIEG

AS REGAIU)S WING FAIRHESS A3’T13R-LOADING

The teete reported In referenoe 1 suggested a pro-
oedure for determining In advanae the probable suacess of
a particular type of oonstruation for a low-drag wing
when “subjected to load, The results obtained, however,
did not permit final oonolus$ons to be made as to the
suitability of skin with spanwlse stiffeners for low-drag
wings, beoause of the absence of confirmatory wind-tunnel
teata.

. . .. .
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The results of the aerodynamlo and structural tetate
presented in this.ne~ort. Indioate that the _dra&.q,hiaraater-
ietice Of a wing employing a etru~ture Coneieting Of tWO

epare with hat-seot$en ohordwlse stiffener, ae desoribed
~ herein, would prdbably not be ohanged after the maximum
7 flight load had been applied and removed. The elight ad-
1 dltional unfairneee of the model reeulting f~om the oom-

preseive Ioa&ing to whioh it was eubjeoted appeare to
have had no adveree effeot on its drag charaoterietloe.

It ehould be emphasized, however, that of the tWO
types Of oonetruotlon eo far etudied there Is not suffi-
cient evidenoe at present to oonclude whether the type of
oonstruotion demoribed herein or the Spanwise-etiffener
type of oonstruot$on desoribed In reference 1 Ie to be
favored ae regards low drag after the maximum flight load
hae been applied and removed.

00NC’LUSIONS

The results of the aerodynamic and etruotural teete
presented in this report Indlaate that the drag oharao-
terlstioe of a wing employing a structure consisting of
two spars with hat-seotion ohordwise stiffeners, aR de-
ecribed herein, would probakly not be ohanged after the
maximum flight load had”been applied and removed. The
slight additional unfairness of the model remzlting from
the compressive loading to which $t was subjected appears
to have had no ~dv.eree effeot on ite drag aharaoteristlcs.

Although some str”lotural teets have been made previ-
ously on a wing epeoimen with Spanwlee stiffeners, no
oonflrmatory wind-tunnel tests were made on the specimen.
It ebould he emphasized, therefore, that of the two types
of conetruotlon so far etudied there is not sufficient
evidenoe at preeent to oonolude whether the type of oon-
structlon desoribed in this report sr the epanwise-
stiffener type of eonstruotion previously bested Ie to be
favored as regards low drag after the maximum fllgbt load
has been applied and removed.

Langley Kemorial Aeronautical Laboratory,
Hat!onal Advieory Oommittee for Aeronautloe,

Langley Y$.eld, Va.
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Figure 2.- Two spar low-drag wing specimen
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NACA Fig. 6
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Figure 6.- Variation of effective area and efficiency of section with
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Figure ?.- Buckles in low-drag wing mecimen at
85,000 pounds.
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Figure 9.- Local failure of trailing edge of wing specimen.
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I Figure 13.- Local failure of skin near concentrated load.
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